Oxidative stress, arising from an imbalance in the generation and removal of reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ), is a challenge faced by all aerobic organisms (Finkel and Holbrook, 2000) . Although ROS were originally considered to be detrimental to cells, it is now widely recognized that redox regulation involving ROS is a key factor modulating cellular activities (Allen and Tresini, 2000; Dat et al., 2000) .
Increasing evidence indicates that H 2 O 2 functions as a signaling molecule in plants. H 2 O 2 generation during the oxidative burst is one of the earliest cellular responses to potential pathogens and elicitor molecules (Lamb and Dixon, 1997) . H 2 O 2 induces the expression of defense-related genes such as GST, encoding glutathione S-transferase, and PAL, encoding Phe ammonia lyase (Levine et al., 1994; Desikan et al., 1998a; Grant et al., 2000) . H 2 O 2 also activates mitogen-activated protein kinases (MAPKs), conserved signaling kinases that modulate gene expression and transduce cellular responses to extracellular stimuli Grant et al., 2000; Kovtun et al., 2000; Samuel et al., 2000) . Furthermore, several studies indicate that H 2 O 2 is a key factor mediating programmed cell death (PCD) in response to pathogens, elicitors, and hormones (Tenhaken et al., 1995; Levine et al., 1996; Desikan et al., 1998a; Mittler et al., 1999; Solomon et al., 1999; Bethke and Jones, 2001 ). In addition, two recent studies have shown that H 2 O 2 is synthesized in response to exogenous abscisic acid (ABA), and that H 2 O 2 mediates, at least in part, ABA responses including stomatal closure and gene expression (Guan et al., 2000; Pei et al., 2000) .
There are several possible sources of H 2 O 2 in plants, and a number of abiotic and biotic stress stimuli induce H 2 O 2 generation and thereby oxidative stress. Potential enzymatic sources include a plasma membrane-located NADPH oxidase (Desikan et al., 1998b; Keller et al., 1998; Torres et al., 1998) , cell wall-bound peroxidases, and amine oxidase (Bolwell and Wojtaszek, 1997) . Other sources of ROS include electron transport processes in chloroplasts and mitochondria, and photooxidative stress in peroxisomes (Noctor and Foyer, 1998; Dat et al., 2000) . In addition to pathogen challenge, other stimuli that induce H 2 O 2 synthesis and oxidative stress include drought stress and ABA, itself synthesized following loss of turgor (see Dat et al., 2000; Guan et al., 2000; Pei et al., 2000) ; low and high temperatures (Prasad et al., 1994; Foyer et al., 1997; Dat et al., 1998) ; excess excitation energy (Karpinski et al., 1999) ; UV irradiation (A-H- Mackerness et al., 1999) ; and ozone (Langebartels et al., 2000) . A number of similarities can be seen in the cellular responses to these stresses, suggesting that H 2 O 2 could be a common factor regulating various signaling pathways . For example, it is clear that there are overlapping spectra of genes induced by stresses such as ozone, UV, and pathogen challenge (Langebartels et al., 2000) . Furthermore, the phenomenon of cross tolerance, in which exposure to one stress can induce tolerance to other stresses, is one in which H 2 O 2 is likely to play a pivotal role (Bowler and Fluhr, 2000) .
Identification of genes and proteins regulated by H 2 O 2 is thus an important step toward treatments that might confer tolerance of multiple stresses. It is already known that H 2 O 2 can induce the expression of genes involved in antioxidant defense (Levine et al., 1994; Karpinski et al., 1999; Morita et al., 1999; Mullineaux et al., 2000) . In addition, recent work has shown that H 2 O 2 induces the expression of genes required for peroxisome biogenesis (LopezHuertas et al., 2000) ; peroxisomes are organelles of direct importance for antioxidant defense. In a previous report, we utilized differential mRNA display to identify H 2 O 2 -regulated genes in Arabidopsis suspension cultures (Desikan et al., 2000) . Here, we use cDNA microarray technology to carry out a transcriptomic analysis of oxidative stress-regulated genes in Arabidopsis. We identify H 2 O 2 -regulated genes and use RNA-blot analyses of some of the genes to demonstrate that their expression is also modulated by other stimuli that involve oxidative stress. A substantial proportion of these genes have predicted functions in cell rescue and defense responses, cell signaling, and transcription, implying that H 2 O 2 does have multiple roles in plant responses to stress.
RESULTS
To obtain a global picture of gene expression during oxidative stress, Arabidopsis cultures were exposed to 20 mm H 2 O 2 for 1.5 and 3 h, cells harvested, and mRNA from control and H 2 O 2 -treated cells (pooled from 1.5-and 3-h treatments) used as probes for the Arabidopsis Functional Genomics Consortium (AFGC) Cycle 1 microarray. This concentration and the two time points were chosen based on earlier studies (Desikan et al., 1998a (Desikan et al., , 2000 . Arabidopsis cultures have a very high H 2 O 2 scavenging capacity (Desikan et al., 1998a) . At the cell density typical of 7-d-old cultures (approximately 0.2 g fresh weight cells mL Ϫ1 ), the half-life of exogenous 20 mm H 2 O 2 is 2 min, and after only 5 min, no H 2 O 2 is detectable (Desikan et al., 1998a) . This means that the concentration of H 2 O 2 at its cellular site(s) of action is very much lower than 20 mm. We used two time points because previous work indicates that increased expression of some genes in response to H 2 O 2 is transient (Desikan et al., 1998b (Desikan et al., , 2000 . Thus, the choice of 1.5 and 3 h was an attempt to capture both rapid and longer term changes in gene expression.
Microarray Analysis
A global representation of the changes in expression of all the expressed sequence tags (ESTs) on the microarray is depicted in Figure 1 . For the vast majority of transcripts, expression appeared unchanged with H 2 O 2 treatment (Fig. 1) . Using the selection criteria outlined in "Materials and Methods," and accounting for any ESTs that corresponded to the same GenBank hit (Schaffer et al., 2001) , we were able to identify 175 nonredundant ESTs with a change in expression greater than 1.5-fold in response to H 2 O 2 (Fig. 1 ). Of these, expression of 113 was up-regulated and 62 down-regulated. The AFGC microarray (Cycle 1 experiments) contains approximately 11,000 ESTs, and the redundancy on this AFGC array is approximately 25% (Schaffer et al., 2001 ); thus, approximately 30% of the genome is represented on the array.
The utility of the microarray system for identifying H 2 O 2 -responsive genes is illustrated by the demonstration that ESTs corresponding to the genes PAL1, GST6, and a stress-related protein, previously found to be H 2 O 2 responsive in Arabidopsis suspension cultures (Desikan et al., 1998a (Desikan et al., , 2000 were among those identified via microarray. Expression data and sequence homologies (based on EST description and BLAST homologies) for H 2 O 2 -responsive ESTs are shown in Table I . ESTs that have an average induction greater than 5-fold include those encoding a heat shock protein, a zinc finger protein, calmodulin, and an ethylene-responsive transcription factor (Table I) . We also identified ESTs with transcripts of low abundance (i.e. those with low channel intensities posthybridization) that were H 2 O 2 inducible (Table I) . These included ESTs encoding potential signaling proteins such as a heat shock transcription factor, a His kinase, and a protein Tyr phosphatase.
Functional Classification of Genes
To determine whether H 2 O 2 regulates the differential expression of only particular classes of genes, a 
Expression Analyses of Selected Genes
To validate and extend the microarray data, the expression of 14 ESTs was monitored by RNA-blot analyses (Fig. 3 , Table II ). This was to verify the effects of H 2 O 2 on the expression of ESTs with high and low abundance transcripts, and to investigate the effects of other stress stimuli such as wilting, UV irradiation, and elicitation. Representative northern and dot blots are shown in Figure 3 . Induction by H 2 O 2 of ESTs encoding calmodulin (Fig. 3a) and a heat shock protein (Fig. 3d) is evident.
RNA-blot analysis confirmed that the expression of all the 14 ESTs was H 2 O 2 responsive. Although the absolute values of fold induction were not identical to those on the array (Tables I and II) , a similar trend was observed. Moreover, the H 2 O 2 inducibility of three "low abundance" genes from the array, encoding a potential His kinase, a protein Tyr phosphatase, and a syntaxin, was confirmed by the dot-blot analysis, demonstrating the veracity of the microarray data. The effects of H 2 O 2 on the expression of 14 ESTs was determined in rosette leaves, which, like suspension cultures, also have a high H 2 O 2 -scavenging capacity (data not shown). The expression of most of is approximately 2 min). We found that at this culture density, the expression of ESTs encoding calmodulin (Fig. 3c) The effects of other stress stimuli on expression of the 14 selected ESTs was also assessed. Wilting results in oxidative stress, and ABA, synthesized in response to drought stress, induced H 2 O 2 synthesis in both Arabidopsis guard cells (Pei et al., 2000) and maize (Zea mays) plants and cell cultures (Guan et al., 2000) . Moreover, H 2 O 2 partly mediated the effects of ABA on both gene expression and stomatal closure (Guan et al., 2000; Pei et al., 2000) . As a consequence, the effects of wilting, in the absence and presence of the antioxidant ascorbic acid, were determined. Plants were subjected to rapid dehydration and then RNA isolated after 2 h of incubation. It can be seen in Table II that this wilting treatment induced the expression of H 2 O 2 -responsive ESTs. However, the effects of dehydration on the expression of some of these ESTs was partly mediated by H 2 O 2 . Pretreatment with the antioxidant ascorbic acid reduced the wilt-induced expression of ESTs encoding calmodulin, DREB2A transcription factor, the MAP kinase ATMPK3, and a zinc finger protein.
UV irradiation is another abiotic stimulus that causes oxidative stress in plants and induces genes that are responsive to oxidative stress (A-H- Mackerness et al., 1999 Mackerness et al., , 2001 ). Thus, we determined the expression of the H 2 O 2 -responsive genes in plants that had been exposed to UV irradiation. All of the ESTs analyzed were induced by UV (Table II) . Pretreatment with ascorbic acid reduced the effects of UV on the expression of several ESTs (disease resistance protein, ethylene-responsive transcription factor, myb-related transcription factor, protein kinase, and myrosinase-binding protein), suggesting that for these genes the effects of UV were partly mediated by H 2 O 2 .
H 2 O 2 generation is a rapid response to potential pathogens and microbial elicitors (Lamb and Dixon, 1997) , and involved in the activation of various signaling pathways (Bolwell, 1999) . As a consequence, we determined the effects of harpin, a bacterial elicitor previously shown to induce H 2 O 2 production and defense responses in Arabidopsis cells (Desikan et al., 1996 (Desikan et al., , 1998a . Harpin induced the expression of many of the oxidative stress-responsive genes in suspension cultures (Table II) , suggesting a potential role for these genes in host defense.
DISCUSSION
H 2 O 2 is now widely recognized as a key signaling molecule in all eukaryotes, including plants. Generation of H 2 O 2 occurs under a diverse range of conditions, and it appears likely that H 2 O 2 accumulation in specific tissues, and in the appropriate quantities, is of benefit to plants and can mediate cross tolerance toward other stresses (Bolwell, 1999 ; Bowler and (Desikan et al., 1998a (Desikan et al., , 2000 Mittler et al., 1999; Kovtun et al., 2000) . It is clear, then, that identification of all the changes in gene expression regulated by oxidative stress is of considerable interest. However, a global analysis of the effects of H 2 O 2 on the transcriptome of any one plant species has not yet been described.
The development of publicly funded and accessible resources such as the AFGC microarray facility means that it has become possible to undertake largescale studies at the genome level. We accessed the AFGC microarray (Cycle 1) to identify H 2 O 2 -responsive genes expressed in Arabidopsis suspension cultures. Our data were obtained using the normalized mean intensity ratios derived from two independent experiments. We chose a minimum threshold figure of 1.5-fold change in intensity ratio; however, most of the ESTs that we identified were 2-fold or more induced. It is possible that small changes in gene expression could result in larger changes in protein levels, especially within specific subcellular compartments. Proteomic analysis will be required to correlate changes in protein and RNA content. It is important, however, that we utilized RNA-blot analysis to verify the microarray data: 14 ESTs identified as being H 2 O 2 responsive (some of which are 1.5-fold induced) via microarray were confirmed as H 2 O 2 responsive, including those that were classed as "low abundance" genes on the microarray. Our data indicate that 1% to 2% of the genes represented on the array (taking into account redundancy) is affected by oxidative stress imposed by H 2 O 2 . This figure is comparable with those determined for oxidative stress in yeast (Godon et al., 1998; Gasch et al., 2000) and pathogen challenge for plant cells (Durrant et al., 2000; Maleck et al., 2000) . It should be noted that the AFGC microarray used here is estimated to represent only about 30% of the Arabidopsis genome, depending on redundancy. Moreover, we used RNA from undifferentiated suspension cultures as the hybridization probes. However, suspension cultures do represent excellent model systems (e.g. McCabe and Leaver, 2000) , and many of the genes analyzed by RNA blots were found to be similarly H 2 O 2 responsive in rosette leaves (Table II) . Although this study was restricted to an analysis of ESTs that are responsive to H 2 O 2 , it does identify those genes necessary to form the basis of further studies using gene-specific sequences to analyze the expression and function of the genes that are sensitive to H 2 O 2 .
Of the 175 genes identified as being H 2 O 2 responsive, most do not have an obvious direct role in oxidative stress. However, roles in other abiotic and biotic stresses and developmental processes that might be linked to oxidative stress could explain their sensitivity to H 2 O 2 . The genes that were sensitive to H 2 O 2 have a range of potential functions based on their sequence homologies (Table I, Fig. 2) . Some of these genes are discussed in more detail below.
Several ESTs encoding heat shock proteins were induced by H 2 O 2 . Heat stress stimulates H 2 O 2 generation in plants (Foyer et al., 1997; Dat et al., 1998 1998; Finkel and Holbrook, 2000) . Thus, the induction of genes encoding heat shock proteins and a heat shock transcription factor by H 2 O 2 may lead to increased tolerance of further oxidative stress, as in tomato (Lycopersicon esculentum) cells (Banzet et al., 1998) , as well as contributing to tolerance of other stresses such as pathogen challenge (VallelianBindschedler et al., 1998) or high temperatures (Dat et al., 1998) . It is interesting that one of the heat shock protein genes was also induced independently by wilting, UV irradiation, and elicitation (Table II) , demonstrating signaling cross talk.
A calmodulin gene was also strongly induced by H 2 O 2 . Calmodulin is a calcium-binding protein that may well have a pivotal role in stress tolerance. Intracellular calcium concentrations increase in response to oxidative stress (Price et al., 1994) , and calcium influx is required for the activation of ROS generation (Schwacke and Hager, 1992; Baker et al., 1993; Desikan et al., 1997; Harding et al., 1997) . Furthermore, NADPH oxidase, a potential ROSgenerating enzyme, contains EF hand calciumbinding motifs (Desikan et al., 1998b; Keller et al., 1998) , and at least one of the NADPH oxidase genes is induced by H 2 O 2 (Desikan et al., 1998b ). These observations suggest that H 2 O 2 induction of a calmodulin might, at least in part, be regulating the activity of this enzyme. Moreover, a calmodulin has been shown to mediate between calcium and ROS generation in tobacco (Nicotiana tabacum) cells undergoing the hypersensitive response (HR). Calmodulin is a regulator of NAD kinase, which generates NADPH for NADPH oxidase activity (Harding et al., 1997) . Thus, a significant amount of cross talk occurs between ROS and calcium, and both these signaling molecules mediate cross tolerance to a variety of stresses (Bowler and Fluhr, 2000) .
One of the genes identified via microarray analysis as being expressed at low levels but H 2 O 2 responsive was that encoding a protein Tyr phosphatase. Protein Tyr phosphatases are important signaling enzymes that regulate protein phosphorylation events in all eukaryotes (Walton and Dixon, 1993; Fauman and Saper, 1996) , particularly the inactivation of MAPK cascades (Luan, 1998) . Oxidative stress activates MAPK cascades not only in plants Kovtun et al., 2000) , but also in animals (Fialkow et al., 1994; Irani et al., 1997) , where Tyr phosphatases have been identified as a primary target for H 2 O 2 (Wu et al., 1998) . The Tyr phosphatase identified as H 2 O 2 inducible in the present study was also induced by wilting and UV irradiation. An Arabidopsis protein Tyr phosphatase has previously been identified that is transcriptionally regulated by environmental stresses such as cold and salt stress (Xu et al., 1998) . Among the genes induced by H 2 O 2 was one encoding a blue copper-binding protein. Such proteins might function to sequester copper, a potentially toxic element that is also an essential cellular catalyst for redox reactions (Himelbau and Amasino, 2000) . This gene was also induced by wilting, UV, and harpin (Table II) , and its expression up-regulated in senescent leaves (data not shown). Genes encoding blue copper-binding proteins have been shown previously to respond to abiotic stresses such as drought and ozone (Cho, 1997; Langebartels et al., 2000) , and expression increased during senescence, in which copper sequestration is an important event (Himelbau and Amasino, 2000) . A regulatory role for ROS such as H 2 O 2 has been implicated during senescence (Pastori and del Rio, 1997 ), and we have already shown that H 2 O 2 induces the expression of a senescence-related gene (Desikan et al., 2000) . Thus, it is not surprising that there are genes that are induced by both oxidative stress and senescence.
The expression of genes encoding a mitochondrial uncoupling protein, pyruvate decarboxylase, and a myb-related transcription factor were induced by H 2 O 2 . Mitochondrial uncoupling proteins are key factors regulating ATP synthesis and generation of ROS in mitochondria, this redox balance affecting the longevity of organisms (Finkel and Holbrook, 2000) . Moreover, a gene encoding such a protein was found to be highly up-regulated in mammalian cells induced to undergo PCD (Voehringer et al., 2000) . Pyruvate decarboxylase catalyzes the decarboxylation of pyruvate to acetaldehyde and CO 2 during ethanolic fermentation as a result of oxygen deprivation. Pyruvate decarboxylase was found to be induced during oxygen deprivation stress in rice (Oryza sativa) seedlings (Minhas and Grover, 1999) , and plants expressing a bacterial pyruvate decarboxylase showed enhanced levels of cell death in response to pathogen challenge (Tadege et al., 1998) , suggesting that sugar metabolism is a crucial activity during the HR and other stresses. Myb genes represent a large gene family in Arabidopsis (Kranz et al., 1998) and a myb oncogene homolog has been implicated as a critical regulator of the HR cell death pathway (Daniel et al., 1999) . Moreover, myb transcription factors possess conserved amino acid motifs that are redox sensitive (Myrset et al., 1993) . H 2 O 2 induces PCD in Arabidopsis and other species (Levine et al., 1994; Desikan et al., 1998a; Mittler et al., 1999; Solomon et al., 1999) ; consequently, the expression of potential PCD-related genes following H 2 O 2 treatment might be expected.
Some of the H 2 O 2 -sensitive genes could also be involved in plant hormone signaling. For example, a gene encoding a syntaxin was identified as H 2 O 2 responsive by both microarray and RNA-blot analyses. Syntaxins are docking proteins involved in vesicle trafficking, and a role in the hormonal control of guard cell ion channels has been demonstrated for an ABA-inducible syntaxin in tobacco (Leyman et al., 1999) . Because both elicitors and ABA induce H 2 O 2 production in guard cells (Lee et al., 1999; Pei et al., 2000) , it could be that induction of a syntaxin by H 2 O 2 is involved in regulating guard cell functioning. Genes encoding myrosinase binding proteins and JA-inducible proteins were shown to be H 2 O 2 responsive on the microarray. Myrosinases are enzymes involved in the degradation of glucosinolates, and a myrosinase-binding protein was found to be induced by both wounding and dehydration (Reymond et al., 2000) . We also found that wilting induced the expression of a gene encoding a myrosinase-binding protein. Levels of JA and ROS increase with water stress, which might lead to the induction of such genes.
Various genes encoding transcription factors were induced by H 2 O 2 , suggesting that these transcription factors mediate further downstream H 2 O 2 responses, and that several other genes are likely to be induced at later times. Transcription factors have been reported to be rapidly induced during defense responses (Rushton and Somssich, 1998; Durrant et al., 2000) . Among the transcription factors induced by H 2 O 2 , EREBP and DREB2A are important ones that regulate gene expression during various stresses (Liu et al., 1998, Riechmann and Meyerowitz, 1998) . EREBP was also induced during Cf-9: Avr9 interactions in tobacco (Durrant et al., 2000) . Other transcription factors induced by H 2 O 2 include a mybrelated TF, several zinc finger proteins, and a heat shock transcription factor. Zinc finger proteins have wide-ranging functions and several types exist in plants (Takatsuji, 1999) . The involvement of zinc finger transcription factors in stress responses has been reported. For example, during barley-powdery mildew interactions, a zinc finger protein was identified as a key mediator of R gene-induced resistance responses such as H 2 O 2 generation (Shirasu et al., 1999) . Furthermore, during Avr-9: Cf-9 interactions in tomato, a gene encoding a zinc finger protein was induced (Durrant et al., 2000) , and other stresses such as UV, high salinity, ozone, and wounding also induce this class of genes (Takatsuji, 1999) .
Exogenous H 2 O 2 not only activated gene expression, but also repressed the expression of some genes (Table I ). Oxidative stress represses several genes in animals (Morel and Barouki, 1999) , and on our array, the expression of 62 genes was down-regulated. Many of these encode proteins of unknown function. It is interesting to note that genes encoding a receptor protein kinase and Cys proteases were repressed by H 2 O 2 .
The microarray analysis has identified a number of ESTs regulated by oxidative stress that are of potential importance to diverse stress responses. Coregulation of these genes by various stresses supports the hypothesis that H 2 O 2 mediates cross tolerance (Bowler and Fluhr, 2000) . However, it is likely that the exact mechanism and levels of expression of individual genes is dependent on cell type and the specific stress stimulus. Coordinated expression of several genes in response to a specific stimulus can be achieved via the interaction of transcription factors with cis-elements common to the promoter regions of those genes. For example, the WRKY binding site was identified in the promoter region of all 26 genes making up the "pathogen regulon" in Arabidopsis (Maleck et al., 2000) . Analysis of the 1.1-kb 5Ј-upstream region of all the oxidative stress-induced genes did not reveal the presence of a known binding site common to them all. However, we identified 5Ј-upstream regions in the H 2 O 2 -induced genes that are potential binding sites for redox-sensitive transcription factors (see Table I ). These included binding sites for myb (Myrset et al., 1993; Yang and Klessig, 1996) , Ocs/AS-1-like elements (that are present in SA-and auxin-induced genes; Qin et al., 1994) and AP-1 (Abate et al., 1990) . Such redox-sensitive motifs have previously been identified in H 2 O 2 -induced genes such as tcI7 (Etienne et al., 2000) and GST6 (Chen et al., 1996) . However, our identification of potential binding sites for redox-sensitive transcription factors is as yet merely an observation. Confirmation of functional significance will require promoter analysis.
The degree of induction or repression of individual genes by specific stimuli will clearly depend on a complex interaction of all the components of the transcription apparatus with all the regulatory sequences associated with the gene. The promoters of several of the oxidative stress-responsive genes identified here also contain known binding sites for WRKY (Maleck et al., 2000) and bZIP transcription factors (Kim et al., 1997) . Moreover, it is interesting that expression of the MAP kinase ATMPK3 is induced by oxidative stress, that oxidative stress also activates the Arabidopsis MAP kinases ATMPK3 and ATMPK6, and that such activation can itself mediate the induction of oxidative stress-responsive genes Kovtun et al., 2000) .
Our data demonstrate that H 2 O 2 can modulate the expression of a subset of genes within the Arabidopsis genome. Furthermore, it is also clear from other studies that H 2 O 2 can alter the activity of cellular proteins. The mechanisms by which these changes are effected remain to be elucidated. It is possible that in some cases H 2 O 2 can interact directly with target proteins; for example, by oxidizing Cys residues and thereby altering protein conformation (Wu et al., 1998; Morel and Barouki, 1999) . In addition, it may be that plant cells contain redox sensors that detect and respond to signals such as H 2 O 2 . In this context, the induction of a gene encoding a potential hybrid His kinase is of particular interest. His kinases and two component signal transduction systems are well represented in the Arabidopsis genome and have already been shown to modulate cellular responses to ethylene, cytokinin, and possibly osmotic stress (Urao et al., 2000; Inoue et al., 2001) . His kinases are also important sensory enzymes in yeast, in which the osmo-sensing SLN1-SSK1 system has been particularly well characterized (Maeda et al., 1994) . Here, the His kinase signaling module is connected to a MAPK system, such that activation of the HOG1 MAPK is regulated by osmotic stress. Recent work has shown that the SLN1 His kinase-HOG1 MAPK signaling system also functions as an H 2 O 2 sensor in yeast (Singh, 2000) . This finding, along with the fact that H 2 O 2 activates the Arabidopsis MAPK ATMPK6 (Kovtun et al., 2000) , a MAPK with high sequence homology to HOG1, coupled with the observation that H 2 O 2 induces the expression of a His kinase, suggests strongly that this His kinase may also function as an H 2 O 2 sensor in plants.
MATERIALS AND METHODS

Plant Treatments
Suspension cultures of Arabidopsis (var Landsberg erecta) were maintained as described by Desikan et al. (1996) . Plants were grown in a controlled environment growth cabinet with an 8-h photoperiod at 20°C or, for UV treatment (var Columbia), as described previously (A-HMackerness et al., 1999). Seven-day-old cultures were exposed to H 2 O 2 (20 mm) and harpin (2 g mL Ϫ1 ) as described (Desikan et al., 1998a) . Rosette leaves were vacuum infiltrated with a solution of 20 mm H 2 O 2 ; control leaves were vacuum infiltrated with distilled water. Drought stress was imposed by wilting leaves in a stream of cool air until a 10% loss in fresh weight was achieved, followed by incubation in a sealed plastic bag for 2 h. Plants were sprayed prior to wilting with a 10 mm solution of ascorbic acid; controls involved spraying the plants with water. Plants (var Columbia) were exposed to UV irradiation, with or without ascorbate pretreatment, as described by A-H- Mackerness et al. (1999) .
Microarray Analysis
Total RNA and mRNA were purified from control and H 2 O 2 -treated cells as described by Desikan et al. (1998a) . RNA labeling and microarray hybridizations were performed by AFGC on the two biological replicate samples (representing independent experiments) using two duplicate slides with reverse labeling (Michigan State University, East Lansing; Schaffer et al., 2001) . Microarray data analysis and identification of H 2 O 2 -regulated genes were performed using the Stanford Microarray Database where the data are publicly available (http://genomewww4.stanford.edu/MicroArray/SMD). The criteria used for selection of the genes were based on: (a) normalized channel intensities Ͼ1,000, with greater than a 1.5-fold increase in mRNA abundance; and (b) for genes categorized as low abundance, those with channel intensities between 300 and 1,000 (see AFGC Web site), and intensity ratios of Ͼ1.5. Normalization was based on the average of the natural log of the ratio of channel intensities (based on threshold values greater than 1.5 times background channel intensities) after background subtraction (see Stanford Microarray Database Web site).
RNA-Blot Analysis
Total RNA was dot blotted onto nylon membranes. Total RNA and mRNA were fractionated by denaturing agarose gel electrophoresis and transferred to nylon membranes (Desikan et al., 1998a) . Blots were then hybridized with 32 P-labeled cDNA probes as described by Desikan et al. (1998a) . ESTs were obtained from Arabidopsis Biological Resource Center (Ohio State University, Columbus) and cDNA probes prepared using PCR-generated inserts or restriction-digested plasmids as templates, as described by Desikan et al. (1998a) . Hybridization signals were quantified using a scanning densitometer (Shimadzu, Kyoto), and normalized using hybridization signals from a constitutive EF-1 ␣cDNA probe (http://www.afgc.stanford.edu).
Bioinformatics
Sequence homologies of ESTs were analyzed using the BLASTX program (http://www.Arabidopsis.org/blast). Functional classification of H 2 O 2 -induced genes was according to the functional organization of the Arabidopsis genome (http://mips.gsf.de/proj/thal/db/index.html). Promoter analysis was performed using the PLACE software (http://www.dna.affrc.go.jp/htdocs/PLACE/signalscan. html).
